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KLL resonant transfer excitation to F +(1s2l21') intermediate states
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Resonant transfer excitation (RTE) was observed and RTE Auger-electron cross sections were mea-
sured for the formation of F + (1s2121 ') states in collisions of 0.25 —2 MeV/u F +(1s 'S, ls2s 'S) with
H2 and He at zero degrees with respect to the beam direction. The measured Auger-electron differential
cross sections agreed well with a modified treatment of the usual impulse approximation and the recent
angular dependence theory of RTE by Bhalla [Phys. Rev. Lett. 64, 1103 (1990)], thus confirming the
selective population of the MI =0 magnetic substate in RTE processes. The extracted resonant excita-
tion scattering strengths for the 1s2p D and 1s(2s2p 'P) P+ states were found to be (35+2)X10
and (14+2)X 10 ' cm eV, respectively. These two states showed the strongest It LL RTE signature as
predicted by theory.

I. INTRODUCTION

Resonant transfer excitation [1—3] (RTE) in energetic
ion-atom collisions has been studied extensively in recent
years [4—20]. RTE is a two-electron process in which a
weakly bound (quasifree) target electron is transferred to
an orbital (n ~ 2) of the projectile and simultaneously ex-
cites a projectile electron. The resulting doubly excited
state must relax either by radiative (x-ray) decay
[2,11,13,15] (RTEX) or autoionization (Auger) decay
[4—12,14,18] (RTEA).

If the captured electron were truly free, RTEX and
RTEA would be equivalent to dielectronic recombination
[3,21] (DR) and resonant excitation scattering [3,16]
(RES) in electron-ion collisions, respectively. DR is a
process of fundamental interest in the high-temperature
plasmas of laboratory or astrophysical environments. In
particular, DR is thought to be an important energy-loss
mechanism in fusion technology. DR has recently been
observed in merged ion-electron beams [22], and in
electron-beam ion traps [23] (EBIT) and sources [24]
(EBIS). RES is analogous to the well-known resonant
scattering in electron-atom collisions [25]. Since both
RES and DR are deexcitation channels of the same dou-
bly excited state, measurements of RES cross sections can
complement DR cross sections.

The production mechanism of the doubly excited, in-
termediate state

~
d ) is a correlated electron-electron in-

teraction [26]. DR and RES, and similarly RTEX and
RTEA, are resonant in electron energy in the ion rest
frame. Furthermore, they should have an angular depen-
dence in their deexcitation processes due to the collision-
al alignment of the ~d ) state, which represents the prefer-
ential population of the Ml =0 magnetic substate
[11,12,17,18]. In addition, since the production channel
of the ~d) state is a time-reversed Auger process, the
state production cross section or strength can be calculat-
ed from the Auger rate between the excited

~
d ) state and

the initial ~i ) state.
RTEA and RTEX cross sections have been measured

and compare favorably with theory [11,15,16,19,20],
mostly within the impulse approximation [15,27], from
which DR or RES cross sections can be extracted. Many
experimental RTEX studies [2,13], in which K-shell exci-
tation (hn ~1 transition) is involved, have been per-
formed for Z~9, but individual ~d) states were not
resolved due to the low resolution of the Si(Li) x-ray
detector. The most stringent tests of RTE and its associ-
ated resonant strength (cross section) have been supplied
by state-selective studies [5,8,9,12] for Z = 8, 9 using
high-resolution Auger electron spectroscopy.

In this article, we report on RTEA and its RES
strength measured at 0&,b=0' with respect to the projec-
tile beam direction for F +(Is2121') ~ +'~L intermediate
states formed in collisions of 0.25 —2 MeV/u F + with H2
and He targets. All the 1s2l2/' ' +"L states were inves-
tigated, and their KLL RTEA cross sections were deter-
mined so far as their cross sections were measurable.
These state-resolved cross sections showed a good agree-
ment with theoretical calculations. The RTEA measure-
ments for the D and I' states, which have different total
angular momentum L, complement the recent studies on
the angular dependence [11,12,17,18] of RTE, in which it
was shown that the angular differential cross sections of
RTEA are determined by the total angular momentum L
in the LS coupling scheme.

II. EXPERIMENT

This work was performed at the Kansas State Universi-
ty J. R. Macdonald Laboratory using an EN tandem Van
de Graaff accelerator. F ions were accelerated to
4.75 —38 MeV, and the beam was post-stripped with a
carbon foil to achieve higher charge states. A F + beam
was injected into the collision chamber after being select-
ed by an analyzing magnet. In the production of the He-
like F + beam in the post-stripping foil, long-lived meta-
stable ls2s S ions (277-ps lifetime) [28] were produced in
addition to 1s 'S ground-state ions. Therefore the meta-
stable beam fraction [28] had to be accounted for in the
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cross-section analysis. The metastable beam fraction
found in Ref. [28] increases gradually from about 5% for
low-energy projectiles to about 30% for high-energy pro-
jectiles.

A tandem 45 parallel-plate electron spectrometer [29]
with a channeltron detector was used to analyze the ener-

gy of all the collisionally produced electrons at zero de-
grees to the beam direction. Pressures of the target gases
were varied from 2 mTorr for the lowest beam energy to
50 m Torr for the highest beam energy to maintain single
collision conditions. Additional experimental details are
provided in Refs. [29] and [30]. The absolute cross sec-
tions were obtained by normalizing the spectrometer
efficiency to the binary encounter electron production
calculated in the impulse approximation (IA) for 9.5 to
38-MeV F ++H2 collisions [30].

III. DATA ANALYSIS

Shown in Fig. 1 are the measured total KLL Auger
production cross sections as a function of projectile ener-
gy. Near the KLL resonance energy of 20 MeV, the RTE
signature is clearly seen for H2 targets. For He targets
and for low projectile energies, the contribution due to
electron capture by the 1s2s S metastable beam com-
ponent is predominant as expected. In Fig. 2 are shown
selected electron spectra obtained at various projectile
energies. The normalized double-diff'erential yields are
displayed after kinematically transforming to the projec-
tile rest frame, and the background electrons arising
mainly from binary encounter scattering have been sub-

tracted. Normalized single-diff'erential yields were ex-
tracted by fitting the observed lines with Lorentzian or
Fano profiles folded with the response function of the
electron spectrometer.

The 2s2p 'P two-electron states (see Fig. 2) are attri-
buted to 1s~2p excitation of the 1s2s S metastable
beam component [31]. In this paper we focus on the
1s2l2l' three-electron states produced by the KLL RTE
process. The 1s2l2I' ' +"L doubly excited states can be
produced from both incoming 1s 'S and 1s2s S states.
The dominant production mechanisms are illustrated
with their energy levels and spin configurations in Fig. 3.

It should be noted that RTE from 1s2s S to
1s2l2l' ' +"L states is not energetically allowed. In ad-
dition, only those 1s2l2l'' +"L states with appreciable
Auger rates can be populated by RTE from the 1s 'S
state. NTE (nonresonant transfer excitation [32,33], in
which a projectile electron is excited by the target nu-
cleus) is possible from the ls 'S and ls2s S states and
will be denoted hereafter as NTE1 and NTE2, respective-
ly, for the sake of classification. Also shown in Fig. 3 is
2p capture (T) to the ls2s S beam component forming
1s2s2p' +"L states. These states can also be formed
from the 1s2s S state by np capture followed by cascad-
ing to the 2p orbital. Capture to the 1s 'S beam com-
ponent does not form any doubly excited states.

In order to extract RTEA cross sections for each state,
all the dominant contributions to the formation of each
state, which are illustrated in Fig. 3, should be con-
sidered. The Auger electron count (Z), which is mea-
sured for one of the Auger states for an incoming number

1000

500—

200—

100-
50—

F ++He

C)

0
UJ

Vl
V)o

20—

10—

0.5—

0.2—
0.1

0
I

10
I

20
l

30 40
PROJECTILE ENERGY (MeV)

FICx. 1. Total KLL Auger production cross sections at zero degrees in collisions of F + with He and H2 targets as a function of the
projectile energy. The solid lines are drawn to guide the eye.
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single-draff'erential cross sections
due to the
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'
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g eng, AQ is the subtending solid angle of the
electron spectrometer, and is the
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an q is t e spectrometer
cy. he Auger production SCDS (do/dQ)

each state is given by
0 ~ for

Z
N nlaQ~

do do RTEA do.TEA NTE1A NTE2A TA

dQ dQ dQ dQ dQ

(4)

where the coefficients a, b, c, and d are F F
p n ing on the state production mechanis hanism as s own in

In the case of the D and P+ states, which sh2

stron RTE sig signatures, the Auger production SCDS can
be written using Eq. (4) and Fig. 3. For the D state

which from Eq. (l) can be expressed as do
g

do RTEA ~NTE1A
D

+ NTE2A
m dQ

(3)
do F do do.
dQ ~ dQ dQ

+F
.g m

The data presented in Figs. 4 and 5 were l t de eva uate using

As seen in Fig. 3, the Auger SCDS (do /dQ) is pro-
duced by RTEA or NTE1A, and in the s
Au er SDCS

, an in the same way the
g (do /dQ) is produced by TA or NTE2A.

The "A" in the acronyms TA, NTE1A, and NTE2A
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RTEA ~NTE1A

dQ dQ
+

0 NTE2A
P P

TA

dQ dQ

2p
where the superscript D refers t th D

+ state
o e state. For the
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where the superscript P refers to the P+ state. All the
contributing channels to Auger production, RTEA,
NTE1A, NTE2A, and TA, are discussed and dis-
tinguished from each other as discussed below.

The absolute SDCS for Auger electron production
from the Is2p D, Is(2s2p 'P) P+, Is(2s2p P) P, and
Is2s S (hereafter denoted as D, P+, P, and S
states, respectively) are displayed in Figs. 4 and 5 as a
function of projectile energy for both H2 and He targets.
As seen in Figs. 4 and 5, these states show strong, con-
siderable, or weak RTE signatures depending on the state
and target species. The theoretical curves in these figures
will be discussed in Sec. V.

As seen in Fig. 2, the 1s2s2p P state is strongly popu-
lated for He targets and for low-energy projectiles. This
state is formed primarily by 2p capture by the 1s2s S
metastable beam [31,34]. The measured production cross
sections for this state showed projectile energy EI, depen-
dences of Ep ' — ' and EJ, ' — ' for He and H2 tar-
gets, respectively [31]. These energy dependences are
rejected in the TA contribution to the other doubly ex-
cited states.

IV. IMPULSE APPROXIMATION

tronic) capture [5,8] (RC) cross section and the Auger
yield of the d ) state, respectively. b,Eb;„ is the electron
energy bin whose size is chosen to be much larger than
the total width (transition rate) of the ~d ) state, which is
r'=r", +r.", r", and I" being the Auger and x-ray
rate, respectively. OREs is invariant with KEb;„and can
be determined from the RTEA cross sections as far as the
IA is valid. The interference effect between the Auger
and binary-encounter electrons was neglected, since at
Ol,b=0' this effect was found to be less than 3% of RTEA
cross sections [12].

The modified IA agrees somewhat better with the
present experimental RTEA data than the standard IA in
Ref. [15],particularly for the position of the RTEA reso-
nance energy and on the low- and high-energy wings of
the RTEA cross sections. These features are demonstrat-
ed in Fig. 6. This improved treatment is desirable for
low-Z projectiles, where the IA starts to approach the
limit of its validity. For example, it was found that only
the present IA formalism could predict the RTEA reso-
nance energy and result in a fair agreement with the reso-
nance feature of the measured RTEA cross sections of
Itoh et al. [4] for He++He collisions [35].

Although RTEA SDCS (doRTEA/dQ) can be treated
within the usual impulse approximation [15] (IA), here
we use a modified IA model that has already been used in
the description of binary encounter electron (BEE) pro-
duction [30]. Both BEE and RTE Auger electrons are
produced as the result of quasielastic scattering with the
same initial and final states, so that the same treatment of
the IA can be applied. In addition, it has been shown
that the ML =0 substate is preferentially populated in
RTE, and gives rise to an angular dependence in RTEA
[11]. The modified IA model including this angular
dependence yields the following expression for the RTEA
SDCS [35]:

L
dRTEA

dQ

where

J(Q) s

V~+ Q Eo

Q =&2( I/E ~ +EI &t ), — (8)

E„ is the Auger electron energy, EI is the ionization po-
tential of the target electron, t=(m/M)E~ is the cusp
energy, m /M is the electron-to-projectile-mass ratio, and
V~ is the projectile velocity. All these values are in atom-
ic units. J(Q) is the Compton profile of the target elec-
trons, and co=27.2126 eV. Yz o is a spherical harmonic
and I. refers to the angular momentum quantum number
of the intermediate state ( d)) of interest. For the
present zero-degree RTEA measurement, the electron
scattering angle is 180' in the projectile-rest frame. Thus
YI o is evaluated at 8=180', and

~ YI o(8= 180')
~

is simply
(2L+ I )/47r AREs is defined . [5,8] as

+RES ~RES~Ebin

where the resonant excitation scattering cross section
o REs

=go Rc. o Rc and g are the radiationless (or dielec-
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V. EXTRACTION OF RESONANT EXCITATION
SCATTERING STRENGTHS

In the processes of NTE1 and NTE2, 1s~2p and
2s~2p excitations are involved, respectively. Since the
1s ~2p excitation cross section is much smaller than the
2s —+2p cross section, NTE1A makes a negligible contri-
bution to the D and P+ Auger SDCS and may be
neglected in Eqs. (5) and (6). The neglect of the NTEI A
contribution is supported by previous measurements [12]
where NTE1A cross sections were found to be at most a
few percent of the maximum RTEA cross section for
ls2s2p D production in F +( ls 2s )+H2 collisions.

Neglecting the NTE1A contribution, we were able to
extract both the RTEA and NTE2A contributions to D
Auger production using Eq. (5). Here crNTE2~ was taken
to be proportional to EI, for Hz and EI, for a'He
target. These EI, dependences were obtained from fits to
the data shown in Figs. 4(a) and 4(b) and appear to be
reasonable, when one considers that NTE is qualitatively
proportional to the product of the excitation (2s~2p)
and single-capture cross sections. The sum of the RTEA
and NTE2A contributions was fitted to the data and
shown as solid lines in Figs. 4(a) and 4(b). In the case of a
He target, a small NTE1A contribution may be present,
but it does not affect extraction of the D RTEA cross
section. From the extracted D RTEA cross section [see
dot-dashed lines in Figs. 4(a) and 4(b)] and using the rela-
tionship between'o&TEA and AREs in Eq. (7), QREs( D)
was found to be (35+2)X10 ' cm eV for both H2 and
He targets.

In the extraction of the RTEA cross section for P+
Auger production, a contribution, which comes from the
TA process, must be accounted for as shown in Eq. (6).
The TA contribution is dominant for the production of
P+ Auger electrons with He targets, as seen in Fig. 4(d),

so no appreciable RTE signature was observed. Howev-
er, in the case of a H2 target, a significant RTE signature

=
gd 2.475 X 10

(2Ld+ 1)(2Sd + 1) I „(d~i )
X

(2L;+ 1)(2S;+1) E„ (10)

where gd =I „/(I & +I ") is the Auger yield of the ~d )

was present as seen in Fig. 4(c). This is expected when
one considers that the 2p capture cross section with a H2
target is much smaller than that with a He target [31],
and that the Hz Compton profile is narrower and higher
than the He Compton profile [36]. The energy depen-
dences for TA indicated by the broken line in Figs. 4(c)
and 4(d) compared favorably with those found for the P
state (see Ref. [31]).

For a H2 target, the NTE2A contribution to P+
Auger SDCS is much smaller than the TA contribution.
Therefore, neglecting both the NTE1A and NTE2A con-
tributions and applying an EI, dependence for the TA
contribution, the P+ RTEA cross section was extracted
using Eq. (6). The result is shown as a dot-dashed line in
Fig. 4(c). Using Eq. (7), Q&Es( P+ ) was determined to be
(14+2)X10 ' cm eV. With this value of QREs( P+),
the RTEA contribution is drawn in the case of a He tar-
get as shown in Fig. 4(d).

The Auger SDCS for the P state showed a small
RTE signature with a Hz target as shown in Fig. 5(a), and

QREs was extracted and found to be (1+0.3) X10
cm eV. As seen in Fig. 5(b) no appreciable RTE signa-
ture is observed for He targets due to the strong TA con-
tribution. In the case of the ls2s S state, a theoretical
RTEA contribution is shown in Figs. 5(c) and 5(d), but no
appreciable RTE signature could be observed experimen-
tally.

Finally, we compare our measured QREs with the
theoretical values [11,12] given in the LS-coupling
scheme (in cm eV) by

+REs kd +Rc

TABLE I. Calculated and experimental resonance excitation scattering {RES)strengths (in units of 10 ' cm eV) for the produc-
tion of all F +( ls2l2!') intermediate states The ini.tial and final states are ls2 ground states. E„and E'„" ' are theoretical (Refs. [37]
and [38]) and measured Auger energies in eV. I „and g are Auger rates (10'3 s ') and Auger yields, respectively. Calculated radia-
tionless capture (RC) strengths [5,8], related by Q„c=AREs/g, are also listed.

State

1s2s S
1s2s2p P
1s(2s2p 'P) P
1s(2s2p 'P) P+
1$(2p P) P
s(2p 'D

1s(2p2 3P )2P

1s{2p 'S) S

525.9
529.8
540.3
545.6
544.9
551.1
553.1

561.2

EexPt

526.1

529.8
540.1

545.2

551.2

7.966'
& 0.001"

0 579'
6.184"

-0.001"
10.13'
0.0085
123

0 9971"
0.8947'
0.694 'g

0.9896
0.9751
0.9785
0.0128
0.8574

+RC

7.50
0.00
1.59

16.8
0.01

45.5
0.02
1.09

RES

7.48
0.00
1.10

16.7
0.01

44.5
0.00
0.93

fleet

1.0+0.3
14+2

35+2

'Reference [37].
Auger rates and yields were evaluated from the values of the lifetimes r and fluorescence yields co given in Ref. [39].

'Reference [40].
Reference [41].

'Auger rate of ls2s2p 4P is about 10 ' of ls(2s2p 'P )2P+ Auger rate (see Ref. [42]).
Auger rate in Ref. [42] is about 30% larger than this value from Ref. [37].
~Auger yield in Ref. [41] is about 10%%uo smaller than this value from Ref. [39].
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state, state ~i ) is the ls 'S ground state, E„ is the Auger
energy in eV, and Ld, Sd, L;, and S, represent the orbital
and spin angular momentum quantum numbers of states
~d ) and ~i), respectively. The RC and RES strengths
from Eq. (10), E„, I „,and g for each ~d )~ ~i ) transi-
tion are listed in Table I along with our measured RES
strengths.

As seen in Table I, theory predicts that only the D and
P+ states have strong RES strengths. This is consistent

with our experimental observation. Although the RES
strengths of both S states are expected to be appreciable,
their RTEA SDCS are much smaller than those of the D
and P+ states due to the angular factor

~ YLo~ in Eq. (7).
Thus, no RTE signature for the 1s2s S state could be
distinguished from the considerable TA contribution, and
no measurable Auger line from ls(2p 'S) S was ob-
served above the background (binary encounter) electrons
in the present work.

VI. CONCLUSION

In summary, a state-resolved ELL RTEA measure-
ment of the formation of F +(ls2l2l') states in
(0.25 —2)-MeV/u F +(ls 'S, ls2s S) collisions with He

and Hz has been performed. The measured RTEA SDCS
at 0&,b=0' were compared with the result of a modified
RTEA-IA treatment leading to a good overall agreement.
RES strengths for these states were extracted from the
measured Auger SDCS using the modified IA formalism
and compared with theoretical values and were found to
be about 20% smaller than the theoretical values but
within the experimental and theoretical uncertainties.
This simultaneous agreement for both D and P+ states
confirms that the ML =0 magnetic substate is preferen-
tially populated in RTE. As long as the IA is valid, RES
strengths can be extracted from RTEA measurements.
Therefore, 0' state-resolved RTEA measurements can
complement dielectronic recombination measurements
for any DR channel.
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